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Adsorption storage is the most promising low-pressure alternative for storing natural
gas, but some operational difficulties hinder the success of this technology. From a
modeling perspective, this article addresses the impact of gas composition on the cyclic
behavior of adsorptive natural gas storage systems. The cyclic operation of an onboard
storage reservoir is modeled as a series of consecutive two-step processes, each consist-
ing of charge with a fixed composition gas mixture followed by discharge at constant
molar flow rate. Special attention is given to the composition and calorific value of the
gas delivered by the storage system and to performance quantifiers that measure net
deliverable capacity as a function of cycle number. Evidence of a cyclic steady state is
given, and the numerical results are compared with experimental measurements. The
results show the need for identifying and evaluating economical means of removing the
higher molecular-weight hydrocarbons and other highly adsorbed species from the gas
stream before charging the storage reservoir.

Introduction

Natural gas (NG) has always been considered a potentially
attractive fuel for vehicle use. It is cheaper than gasoline and
diesel, the technical feasibility of NG vehicles (NGVs) is well
established, and these vehicles have a less adverse effect on
the environment than liquid-fueled vehicles. For example, NG
can be burned in such a way as to easily minimize NO, and
CO emissions (Parkyns and Quinn, 1995).

NG is about 95% methane, a gas that cannot be liquefied
at ambient temperature (T, = —82.6°C). Since it is a gaseous
fuel, its volumetric energy content is low compared with those
of liquid fuels. In fact, NG outscores petroleum-based fuels
in every aspect except onboard storage (Talu, 1992). Cur-
rently, NG is compressed at pressures up to 25 MPa in order
to be stored compactly on-board and dispensed quickly. This
storage method requires expensive and heavy high-pressure
compression technology, which has been the major economic
bottleneck for the wide acceptance of NG as a transportation
fuel (Remick et al., 1984).

A large effort has been invested in the replacement of
high-pressure compression by an alternative storage method
working at pressures up to 3.5 MPa. Besides allowing the use
of lighter and safer onboard storage reservoirs, this upper
pressure limit can be easily achieved with a single-stage com-
pressor or, alternatively, the vehicle can be refueled directly
from a high-pressure NG pipeline. This way, a significant de-
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crease in the capital and operating costs of compression sta-
tions is achieved.

Adsorption storage is regarded now as the most promising
low-pressure alternative for storing NG. Most research on
adsorbed natural gas (ANG) storage has aimed at the devel-
opment and evaluation of adsorbents with storage capacities
comparable to that of compressed NG. Microporous acti-
vated carbon with high packing density has emerged as the
best adsorbent for ANG storage. Reviews surveying the re-
cent developments in this area were published by Parkyns
and Quinn (1995) and Talu (1992); an update of the former
review will be published shortly (Cook et al., 1999).

Several operational problems that hinder the success of
ANG technology have been addressed in the literature. The
one of concern in this work is the adsorbent-capacity deterio-
ration on extended operation due to the nature of NG com-
position. Besides methane, NG contains ethane, nitrogen, and
a small proportion of alkanes ranging from C; to C,. Carbon
dioxide may also be present in small quantities (0.04 to 1%
molar), as well as water vapor in the concentration range
75-180 ppm (v/v), and sulfur-containing compounds at the
ppm level (Parkyns and Quinn, 1995).

These species, mainly the higher molecular-weight hydro-
carbons, are more strongly adsorbed than methane, espe-
cially in the low-pressure region. This behavior is depicted in
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Figure 1. Single-component isotherms for hydrocarbon
adsorption on activated carbon at 25°C.

The isotherms for C,-Cg were calculated by applying the
Adsorption Potential theory to the experimental methane
data, based on the procedure described in this article. C;:
methane; C,: ethane; C;: propane; C,: butane; Cg: pen-
tane.

Figure 1 that shows the single-component adsorption
isotherms at room temperature for the first five alkanes on
activated carbon. If the higher molecular-weight hydrocar-
bons are allowed to enter the onboard storage system during
charge, they adsorb preferentially and decrease the amount
of gas that can actually be deliverable by the storage system.
This is driven by the unfeasibility of operating an onboard
storage reservoir under subatmospheric pressure, since exces-
sive compression hardware would be necessary to extract and
boost the fuel pressure (Talu, 1992).

The depletion pressure considered in this work is 1.4 atm,
and it is the same as the upper pressure value employed in
Figure 1. For this pressure, Table 1 lists the values of limiting
selectivity and isotherm slope ratio for the adsorption of
alkanes C,-C; on the same activated carbon of Figure 1.
The limiting selectivity, s;, is the selectivity of species i in a
binary mixture consisting essentially of methane. It takes into
account the nature of NG composition, although it neglects
the interaction between the other hydrocarbons. Table 1
shows that s, increases drastically and that the isotherm
flattens with increasing hydrocarbon molecular weight. Thus,
the “impurities” are not preferentially desorbed during dis-

Table 1. Limiting Selectivity (s?;) and Isotherm Slope Ratio
for the Adsorption of Alkanes C,—-C; on Activated Carbon at
Depletion Pressure (1.4 atm) and 25°C

Ethane  Propane Butane Pentane
X: /V:
s% = lim v 30x10* 20x10® 15x10° 89x10°
¥i— 0 Xi/Y;
(9q/0P)Adq/P); 1.1Xx10° 7.6x10°! 4.6x10"! 3.0x107?

Note: The selectivity of species i in a binary mixture consisting essentially
of methane is denoted by s?l, and subscript 1 = methane.
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charge and they tend to accumulate in the storage tank on
cyclic operation. This undesirable phenomenon has been ob-
served experimentally by some researchers (Czepirski, 1991;
Golovoy and Blais, 1983; Kasuh et al., 1992; Parkyns and
Quinn, 1995; Pedersen and Larsen, 1989; Sejnoha et al., 1994).
Some of these references are discussed at further length when
their results are compared with those obtained in this work.

Interestingly, the presence of other species in the gas mix-
ture is not necessarily prejudicial for adsorptive storage. An
example that ascertains this statement is the concept of “En-
hanced Adsorptive Storage,” introduced by Talu (1993),
where net storage capacity can be increased by an additive
intentionally added to the gas stream before charge. The
storage enhancement occurs if the additive’s impact on the
amount of NG adsorbed at depletion pressure is higher than
at charge pressure.

Considerable experimental work has been invested on the
design and test of economical means of controlling the con-
taminants that are allowed to enter the onboard storage sys-
tem. The preferred approach is a carbon bed installed as a
filter unit at the refueling station (Bevier et al., 1989; Sejnoha
et al., 1994), or as a guard bed placed in line in front of the
storage tank (Cook et al., 1996; Strisna et al., 1989). In both
cases, regeneration is accomplished by heating the carbon
bed.

In spite of the studies just cited, no research work has
addressed, from a modeling perspective, the impact of gas
composition on the cyclic behavior of ANG storage systems
during extended operation. Previous dynamic modeling stud-
ies on ANG storage are restricted to methane adsorption
(Chang and Talu, 1996; Mota, 1995, Mota et al., 1995,
1997a,b; Sangani, 1990). Usually, large-scale test benches and
time-consuming experiments are required to simulate experi-
mentally the cyclic operating conditions expected in a vehicle
(Sejnoha et al., 1994). A reliable, predictive multicomponent
dynamic model is therefore a highly desirable research objec-
tive. This article presents the results of our modeling effort
to accomplish this goal.

The article is organized as follows: first, the model em-
ployed for multicomponent adsorption equilibrium predic-
tion is described. This constitutes the basis of the dynamic
model of the adsorptive storage system. The dynamic model
is validated as much as possible by comparison with pub-
lished experimental data. Particular attention is given to the
composition and calorific value of the delivered gas and to
performance quantifiers that measure net deliverable capac-
ity as a function of cycle number. Evidence of a cyclic steady
state is given. Whenever possible, the numerical results are
compared with experimental measurements.

Multicomponent Adsorption Equilibrium

Adsorption equilibrium data are the basis of every adsorp-
tion process modeling study. When there are several ad-
sorbates, as in the case of a real NG, the equilibrium compo-
sition must be predicted from isotherms for single gases, be-
cause the number of experimental measurements required
increases exponentially with the number of components.

Unfortunately, even for single-component equilibrium few
experimental data are reported in the literature for adsorp-
tion of the various components of NG on the same carbon,
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covering a large range of pressure and temperature. Al-
though a gravimetric apparatus is being built in our labora-
tory for this purpose, it was not ready in time to be employed
in the present study. In order to overcome the lack of experi-
mental data, multicomponent adsorption equilibrium is pre-
dicted by an approach combining the Adsorption Potential
(Brunauer, 1945; Dubinin, 1989; Stoeckli, 1995) and the Ideal
Adsorbed Solution (IAS) (Myers and Prausnitz, 1965) theo-
ries.

This approach was mentioned briefly by Myers (1989) in a
review of theories of adsorption in micropores. The author
considered the Adsorption Potential theory in the form of
the Dubinin—Radushkevich isotherm. Very recently, Stoeckli
and coworkers extended the method to the Dubinin—Astakov
isotherm (Lavanchy et al., 1996; Stoeckli et al., 1997), and
were the first to apply both theories to an adsorption column
modeling study (Lavanchy and Stoeckli, 1997). These authors
were able to predict breakthrough curves for the binary ad-
sorption of several vapors on activated carbon, under isother-
mal conditions, using IAS and the Dubinin—Radushkevich
isotherm (Lavanchy and Stoeckli, 1997).

In this work, a different form of the characteristic curve is
employed and the theory is applied to a gas mixture with
several components under nonisothermal conditions. It
should be noted that adsorbed-phase nonideality is neglected
in the present study and that the generalization of the Ad-
sorption Potential theory has limited capability. Nevertheless,
the combined approach is sufficiently accurate to provide a
reasonable description of how gas composition affects the dy-
namic behavior of an adsorptive storage system.

Recently, Chang and Talu (1996) presented a comprehen-
sive study of the behavior of adsorbed methane storage cylin-
ders during discharge, including extensive P-T measurements
(measurements of pressure and temperature) taken under re-
alistic dynamic conditions. Their isotherm data for methane
adsorption on activated carbon (Figure 2) are the basis of the
adsorption equilibrium model employed in the present study.
This choice gives the opportunity of assessing how well the
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Figure 2. Experimental isotherm data reported by
Chang and Talu (1996) for methane adsorp-
tion on activated carbon.
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Figure 3. Characteristic curve of adsorption on acti-
vated carbon.

The symbols denote the experimental data shown in Figure
2 plotted according to the Adsorption Potential theory; the
solid line represents the least-squares fit of Eq. 5.

dynamic model developed in this work reproduces the experi-
mentally observed behavior, at least for single-gas adsorp-
tion.

The analysis of the methane isotherm data on the basis of
the Adsorption Potential theory gives rise to a characteristic
curve of adsorption on the carbon. The characteristic curve,
depicted in Figure 3, is the functional relationship between
volume of the adsorbed phase,

W =qV,, (&Y
and adsorption potential,
¢=R,TIn(P/P). )

In this work, vapor pressure, P,, and adsorbed molar volume,
V,, were calculated according to the following expressions
(Dubinin, 1975; Ozawa et al., 1976):

2
— PC(T/TC) ' T >TC (3)
s PA-TYTAL-TwTo T <T,
In( RgTC/SPCVb),
Va=Vyexp[a(T -Ty)], dp=————— (4)

Tc_Tb

where V, is the adsorbate liquid molar volume at the normal
boiling point T, and «, is an estimate of the thermal expan-
sion coefficient of the liquefied gas.

We assume that for the hydrocarbons in NG an affinity
coefficient B can be used as a shifting factor to bring their
characteristic curves on the same carbon into a single curve.
Based on the author’s past experience on light hydrocarbon
adsorption, as a first approximation B can be replaced by the
liquid molar volume of the adsorbate at the normal boiling
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point, that is, 8 = V. This approximation has been used with
success by other authors (Agarwal and Schwarz, 1988; Grant
and Manes, 1964, 1966; Reich et al., 1980).

According to the Adsorption Potential theory, the charac-
teristic curve is temperature independent. This premise is
fully verified by the experimental data, as demonstrated in
Figure 3, and corroborates the applicability of the theory to
the carbon under study. Although the functional form of the
characteristic curve is adsorbent dependent, expressing the
logarithm of W as a truncated series development of the
scaled adsorption potential, ¢/B8, has proved very versatile in
fitting characteristic curves of various degrees of nonlinearity
(Ozawa et al., 1976):

In(W, W)=Y ki(¢/8)". (5)

i=1

Furthermore, a second-order polynomial (n = 2) usually gives
a close fit of the experimental data, as can be seen in Figure
3. From this curve the single-component adsorption isotherms
for the various components can be generated quite easily. The
isotherms shown in Figure 1 were obtained by applying this
procedure to the experimental methane adsorption data given
in Figure 2.

In order to embed the IAS method is the dynamic simula-
tion model, the spreading pressure of the gas mixture, II, is
treated as a dependent variable, just like temperature or par-
tial pressure of each adsorbate. The equation that IT must
ultimately satisfy is the condition

Z Xp=1, (6)

where the x; are the adsorbed-phase mole fractions derived
from the values of II, temperature, and partial pressures. The
x; values are computed as follows. First, the pressures P, at
which the pure-component adsorption equilibria yield the
same value of II, are calculated from the Gibbs adsorption
equation:

P o A .
f‘qi(P,T)dInP=—, i=1,...,NC (const.T),
0

R,T
)

where g2(P,T) is the adsorption isotherm of pure component
i. Then the basic equation of IAS is employed to calculate x;:

X =Py, i=1,...,NC, (8)

Once the correct value of II has been determined, the ad-
sorbed-phase composition is computed by the following ex-
pression:

NC X;

- _ — . g =X, i=1,...,NC. (9
q i;qP(Pf’,T) G ©

From the definition of adsorption potential, Egs. 7 and 8
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Figure 4. Scaled spreading pressure, IT* = (V, /BT A,
as a function of scaled adsorption potential,
¢/B, for the carbon under study.

The symbols denote values of IT* obtained by solving Eq. 10
numerically using an adaptive quadrature procedure; the
solid line is the least-squares fit of Eq. 12.

can be rewritten as

¢,O;/B,W(d’*)d¢* =1IF = (Va/B)IIA, ¢0=¢(PO.T),

i=1,...,NC (const.T), (10)

¢ — ¢ ) yiP ( ¢?

R,T P, R T

, i=1,...,NC.

xi=exp(

s,i

(1D

The advantage of rewriting Eq. 10 in terms of ¢ is that all
species share the same integral function (the lefthand side of
the equation). This means that if the characteristic curves can
be superposed using shifting factors, then the spreading pres-
sure for the various species can be derived from a single curve
also. In this sense, IT* can be viewed as a scaled spreading
pressure.

The author has observed that if the experimental charac-
teristic curve can be fitted well by Eq. 5 with n= 2, then IT*
also can be approximated by a similar expression:
In(I15/11%) = s,(¢/B) + 5,(¢/B)", 5> 0,5,>0. (12)
Figure 4 shows the least-squares fit of Eq. 12 to the values of
IT* obtained by solving numerically Eq. 10 using an adaptive
quadrature procedure. As can be judged from the figure, the
agreement between the fitted curve and the data is excellent.
In fact, the fitted curve nearly interpolates the data. The most
advantageous feature of Eq. 12 is that it can be rewritten
explicitly for the scaled adsorption potential:

s
&/B = o [‘/1+(452/sf)ln(1'[§/1'[*) —1]- (13)

1
2
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Figure 5. Simulated cyclic operation of an ANG on-
board storage system; P,=depletion pres-
sure; P,=charge pressure.

This makes the computation of x; an easy task, and reduces
considerably the computational overhead introduced by the
IAS method.

Problem Formulation and Theoretical Model

In order to assess the impact of gas composition on net
deliverable capacity, the dynamic behavior of an onboard
storage reservoir is modeled as a series of consecutive cycles.
Each cycle is a two-step process consisting of a charge with a
fixed-composition gas mixture, followed by discharge at a
constant molar flow rate until depletion pressure is attained.
This cyclic operation is depicted in Figure 5.

Discharge phase

The model for the discharge phase is an extension to mul-
ticomponent adsorption of previous work (Chang and Talu,
1996; Mota, 1995; Mota et al., 1997a,b) on modeling the dy-
namic behavior of methane adsorptive storage cylinders un-
der similar conditions.

In an onboard ANG storage tank the discharge flow rate is
dictated by the power requirements of the engine. The dis-
charge rates involved in this process are sufficiently slow to
ensure the validity of the following assumptions: pressure is
uniform within the cylinder; there is instantaneous equilib-
rium between gas and adsorbed phase; intraparticle gradients
are negligible; the temperature of gas and particle are the
same at each point in the bed. These assumptions justify the
adoption of an equilibrium model at the particle level.

In spite of the process slowness, experimental work showed
that under realistic discharge conditions the consumed heat
of desorption is only partially compensated by the wall ther-
mal capacity and by the heat transferred from the surround-
ing environment (Chang and Talu, 1996). As a result, a radial
temperature profile develops in the medium, the major tem-
perature drop occurring at the center of the bed.

The cylinder that is modeled in this work is sufficiently
long so that the small axial temperature gradient induced by
the front and rear faces has negligible impact on overall sys-
tem dynamics. The convective phenomena driven by natural
convection inside the cylinder, which would be potential can-
didates for increasing the complexity of the model, are also
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negligible (Mota, 1995; Sangani, 1990). Thus, every differen-
tial volume of the carbon bed at the same radial location
contributes with the same amount of gas to the overall dis-
charge rate, regardless of its axial position. According to these
assumptions the spatial dimensionality of the problem is re-
duced substantially, since only the radial profile needs to be
taken into account.

The differential material balance for species i (i=1, ...,
NC) on a cylindrical shell element of the reservoir can be
written as

9¢i 94 -
GE—prE_EV'(De,iCVyi)_F yiF:O, (14)

where F(t,r) is the local contribution to the overall molar
discharge rate per unit reservoir volume, and

14 Yy,
V'(De,iCVYi):?E rDe,iCW . (15)

The preceding material balances are subjected to boundary
conditions

ay/dr=0  for r=0, R,. (16)

Given that pressure remains uniform within the cylinder,
the temperature profile induces radial concentration gradi-
ents in both adsorbed and gas phases. The latter are smeared
by molecular diffusion in the bulk phase, which is modeled by
the third term of Eq. 14. As will be shown later, the gas phase
is always very rich in methane, even after a large number of
cycles. For multicomponent diffusion in a mixture consisting
essentially of component 1 (methane), the Stefan—Maxwell
equations can be simplified giving rise to handy expressions
for the effective diffusion coefficients D,; (Wilke, 1950;
Hirschfelder et al., 1954):

1— NC 3
n L’ Dei= Dy/7
TDe1 25 Dy;

(i=2). (17)

The symbol D;; denotes the molecular diffusion coefficient
for the binary pair i—j and 7 is the bed tortuosity factor. The
D;; are estimated by the Wilke-Lee equation (Reid et al.,
1977). _

The local contribution F varies along r in order to make
pressure uniform in the cylinder and to satisfy the overall
material balance over the cross section of the cylinder:

20l [“F(tr) rdr=F, (18)
0

where F is the imposed overall molar discharge rate. Most of
the gas is stored in adsorbed form, whose concentration de-
pends strongly on temperature; this is the main reason why F
changes with r. The constraint (Eg. 18) may seem compli-
cated to solve but, as is shown later, it can be handled easily.
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The energy equation, applied to the same differential vol-
ume, yields

oT dp aq;
[prS+Cg(ec+ pbq)]ﬁ - GE-F pr(—AH)iW
1

~V-(AYT)=0, (19)

where C, and C, are the carbon and gas heat capacities, re-
spectively, (—AH), is the heat of adsorption of species i,
and A, is the effective thermal conductivity of the carbon
bed. As a first approximation, the heat capacity of the ad-
sorbed phase is considered equal to that of the gas with the
same composition. Equation 19 is subjected to boundary con-
ditions

aT/ar=0 for r=0, (20)
14 S C al A al 1+ V(T =T
+—le,Cph— + A, —=[1+—2 -
2R, ) TV ot e ar R, w(To=T)

for r=R,. (21)

The latter condition is an energy balance on the steel cylin-
der wall; it cannot be neglected, due to its large thermal ca-
pacity. The symbols e,, C,, and h,, represent wall properties
(thickness, volumetric heat capacity, and natural convection
heat-transfer coefficient at the external surface, respectively),
and T, is ambient temperature. The temperature profile
along the wall thickness can be neglected because the wall is
relatively thin (= 0.5 cm) and its thermal conductivity is much
higher than that of the packed bed. Two heat transfer mech-
anisms are taken into account: conduction to the packed bed,
and natural convection from the outside air.

Charge phase

The charge phase can be carried out in several ways. How-
ever, only those in which the detrimental effect of the heat of
adsorption is eliminated are likely to be adopted in practice.
For a fast fill at the refueling station, the most economical
strategy seems to be an external NG recycle loop that re-
moves the released heat of adsorption and transfers it to the
environment across an air-cooled heat exchanger (BeVier et
al., 1989; Jasionowski et al., 1992). Alternatively, in fleet ap-
plications the vehicles can be charged over a long period, for
example, overnight, which provides enough time to dissipate
the heat of adsorption (Parkyns and Quinn, 1995; Chang and
Talu, 1996).

Both approaches give rise to isothermal charges in which,
as a first approximation, the storage vessel can be viewed as a
perfectly mixed adsorber. The reason for this simplification is
that at the end of the charge step the concentration profiles
in the storage tank have been smeared by the recirculation
loop effect or the very long filling time. These assumptions
suggest that an isothermal lumped-based model can be em-
ployed for the charge phase. In this case, the material bal-
ances are very simple and can be expressed either in differ-
ential or algebraic form. The algebraic formulation is re-
tained here, since the main goal is to compute the conditions
prevailing in the carbon bed before the next discharge is
started.
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At the end of the discharge, which coincides with the end
of the cycle, the residual amount of each component left in
storage per unit reservoir volume is computed from

S, = (Z/Rﬁ)foR°(eci + py0;)rdr  atdepletion. (22)

Then, the following set of lumped material balances is solved
in order to compute the initial conditions for the next dis-
charge:

€C; + ppQ; = S; + 2,Q -+ NC), (23)

with

P=P, and T=T,, (24)
where Q is the amount of gas stored in the cylinder during
charge, and z; is the mole fraction of species i in the charge
gas. In this formulation, Q is an unknown that must be com-
puted along with the new discharge initial conditions.

Numerical Solution

The easiest way to handle the integral constraint (Eq. 18)
is to modify Eq. 14 so that the constraint is satisfied implic-
itly. This is computationally more efficient than the alterna-
tive approach of employing a single pressure value along r, in
order to satisfy the uniform pressure condition, and calculat-
ing at each time step the pressure drop that satisfies Eq. 18.

The basic idea employed here is to distribute the imposed
molar discharge rate evenly over the whole cylinder and then
to equilibrate the pressure by a flow mechanism governed by
Darcy’s law. If the pressure equilibration step is sufficiently
fast, the uniform pressure condition is always verified. In
mathematical terms, the original material balances (Eq. 14)
are rewritten as

ac, g _
L TP T €V-(D,icVy) + yi(F+F) =0, (25)

where F = FAwR2L) is the imposed molar discharge rate per
unit reservoir volume and F’(t,r) is the deviation from F.
Besides forcing the pressure to be uniform, F’ must, accord-
ing to Eq. 18, satisfy the integral constraint

fR"F’(t,r) rdr = 0. (26)
0

The pressure equilibration step is introduced in the model by
setting

YiF' = —aV-(cVP). (27)
Hence, the material balances that are actually solved are

ac; d0; _
EI + pbﬁ —V'(EDe’iCVyi + OlCiVP)+ y;F =0, (28)
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subjected to boundary conditions

ac/dr=0  for r=0, R,. (29)

A physical meaning can be given to «. This parameter can
be viewed as the ratio K/u, where K is the equivalent to a
bed permeability, and w is gas viscosity. It is readily seen that
Eq. 27 always satisfies the integral constraint (Eq. 26). There-
fore, the only requirement is that « be large enough to en-
sure uniform pressure in the cylinder at any instant. How-
ever, an excessively high value renders the other terms in Eq.
28 insignificant. In practice, « values based on representa-
tive magnitudes of K and u (K ~107° -10"°m?, u~10"°
kg m~1s71) give the desired effect.

The equations were solved numerically by the finite-volume
method and a modified version of a public domain differen-
tial /algebraic system solver (Mota et al., 1997c). Preliminary
runs were carried out in order to assess the accuracy of the
computed solution. It was found that 15 equally spaced grid
points were sufficient to ensure that the numerical results are
independent of spatial resolution to within the accuracy re-
quested (10~* relative error tolerance).

Given that the code written for the discharge phase was
found to be computationally efficient, it also was employed to
solve the charge-phase model. Instead of solving Eqgs. 22-24,
the charge phase was simulated as as two-step process that
gives the same results: (1) thermal equilibration with the sur-
roundings, in which the discharge model is solved with F =0
until uniform temperature is attained in the cylinder; and (2)
isothermal pressurization to the charge-pressure value. The
latter step is solved with y;F replaced by — z;F in Eq. 28
and with the energy equation inactive.

Results and Discussion
Model validation for methane adsorption

The discharge phase model is validated for single-gas ad-
sorption by comparing its predictions with the measurements,
reported by Chang and Talu (1996), of pressure history and
temperature profiles in an adsorbed methane cylinder during
discharge. The comparison can be made because the dynamic
experiments employed the same carbon on which the methane
isotherm data of Figure 2 were measured. As shown in Fig-
ures 6 and 7, the numerical results are in close agreement
with the experimental measurements.

Our model predicts the temperature field (Figure 7) with
about the same accuracy as that of the simpler model pro-
posed by Chang and Talu (1996). The pressure history shown
in Figure 6, however, is predicted with higher accuracy by the
present model. According to Chang and Talu, the discrep-
ancy between their model and the experiment was caused by
the gas-phase accumulation term, which was not taken into
account during the solution of the model, although it was
subsequently included in the final results in an approximate
way. Our results confirm their conjecture, because gas-phase
accumulation is fully taken into account in the present model.

Figure 7 illustrates the impact of the heat of desorption on
ANG storage. In this case, the storage system delivers only
80% of the amount of methane delivered in isothermal con-
ditions. The nonisothermal operation of ANG storage sys-
tems is a factor determining the feasibility of this storage
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Pressure, P (atm)

0 20 40 60 80 100 120 140 160 180
Time, ¢ (min)

Figure 6. Pressure history in an adsorbed methane
storage cylinder during discharge at constant
molar flow rate.

Comparison between experimental data (symbols) reported
by Chang and Talu (1996) and model predictions (solid line).
L =74 cm; R =10 cm; carbon weight = 15.78 kg; P, = 21 bar;
P, =1.66 bar; discharge rate = 6.7 dm%min (ambient condi-
tions).

technology in mobile applications and has been addressed by
several authors (Chang and Talu, 1996; Mota, 1995; Mota et
al., 1997a,b; Remick and Tiller, 1986).

Multicomponent results

The gas mixture employed in the multicomponent simula-
tions is described in Table 2, and characterizes the Algerian

Temperature, T’ (°C)

0 0.2 0.4 0.6 0.8
Dimensionless radial position, r/ R

Figure 7. Radial temperature profiles in an adsorbed
methane storage cylinder as a function of time
during discharge at constant molar flow rate.

Comparison between experimental data (symbols) reported
by Chang and Talu (1996) and model predictions (solid line).
Sampling interval = 20 min; L= 74 cm; R =10 cm; carbon
weight = 15.78 kg; P, = 21 bar; P, =1.66 bar; discharge rate
= 6.7 dm¥min (ambient conditions).
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Table 2. Composition and Thermodynamic Properties of the
Algerian Natural Gas from the Hassi R’Mel Well that
Supplies Portugal

Component CH, C,Hy; C;Hg; C,H;; CgH,, N,
Mole fraction 0.840 0.076  0.020 0.007 0.003 0.054
P, (atm) 45.4 48.2 41.9 375 333 335
T, (K) 190.6 3054  369.8 4252  469.6 126.2
V, (cm¥mol) 37.7 54.9 745 948 1140 3438
T, (K) 1117 1845 2311 2727 3092 774

AH, (kl/mol) 803.1 1429 2045 2660 3274 —

NG from the Hassi R’'Mel well that supplies the author’s
country. Table 3 lists the values of the main parameters em-
ployed in the numerical simulations. The discharge flow rate
considered, F=2x10"7 mol/cm®-s, gives a discharge dura-
tion of about 4 h for nonisothermal operation of the storage
cylinder on pure methane. Its value is representative of the
demand rate for a compact-class car on the EPA city cycle
(gasoline consumption of 7 L /100 km). Depletion pressure is
1.4 atm, while charge pressure is 35 atm. Upper pressure lim-
its in the range 35-40 atm are the more commonly accepted
charge-pressure values.

In a charge step governed by Eqs. 22—24, the various species
are stored in the cylinder in an amount proportional to their
mole fraction in the NG supplied. If the vehicle is always
refueled with the same gas mixture, the storage cylinder will
approach a cyclic steady state on extended operation. When
the cyclic steady state is reached, net charge capacity and net
deliverable capacity are identical: the gas stored in the cylin-
der during charge is fully delivered to the motor during dis-
charge. Furthermore, under cyclic steady-state operation the
overall composition of the gas delivered by the cylinder in
each discharge is the same as that of the NG supplied by the
refueling station. This is true regardless of the continuous
change with time of the instantaneous composition of the gas
delivered by the cylinder. Thus, under cyclic steady-state op-
eration, the total amount of species i delivered by depressur-
izing the cylinder from P, down to P, is

z;Q®, (30)

where Q® is the total amount of gas delivered by the cylin-
der under cyclic steady-state conditions and z; is the species
mole fraction in the NG supplied by the refueling station
(Table 2). This fact suggests that the net deliverable capacity
of an ANG storage system can be conveniently measured in
terms of a dynamic efficiency, m, which for component i is
defined as

Table 3. Data Employed in Numerical Simulations

C, = 36.0 mol-K P, =1.4 atm
C,=105J)0g-K R,=10cm

C, =392 Jem®-K T, =20°C

e, = 0.55cm e=05
F=2x10"" mol/tm®-s Ae=2.1mlem-s-K
L=74cm pp = 0.481 g/cm®

P, =35 atm 7=30
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amount of species i delivered under dynamic conditions
=

(amount of pure methane delivered isothermally) - z;

(1Y)

With this definition, the »; converge to a single point at the
cyclic steady-state, whose value is

. Q(x‘)
7= (32)

amount of pure methane delivered isothermally -

This feature is depicted in Figure 8. Note that n takes into
account the loss in capacity due to both the composition of
the gas mixture and the nonisothermal operation of the dis-
charge step.

The mole fractions shown in Figure 9 refer to the overall
composition of the gas delivered by the cylinder during dis-
charge. They are expressed as

yi=(fot"/oR"yiErdrdt)/([o‘df:‘frdrdt), (33)

where tg is the discharge duration, which is a function of the
cycle number due to the gradual loss in capacity. The
double-overbar is a notation to make clear that the variable
is averaged both in time and in space. In practice, the y, are
more conveniently computed from the overall material bal-
ance to the discharge step:

5= S+ 2,0 - 5", (34)

where the integer superscript refers to the cycle number.

1.2 T T
; N2 Pure methane, isothermal conditions
. Pure methane, dynamic conditions
> Ci
Q 08
§ Ci-Cs Cy
‘0
% 0 6 B C3 T
2
: c
04
g
a
0.2 ¢
5
0
1 10 100 1000
Cycle number
0.02 0.2 2 20
Age (years)

Figure 8. Dynamic efficiency, n, as a function of cycle
number for the ANG storage cylinder.

C,: methaane; C,: ethane; Cj: propane; C,: butane; Cg:
pentane; C,-Cjy identifies the total hydrocarbon dynamic
efficiency, n,_s.
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Figure 9. Overall composition of gas delivered by the
ANG storage cylinder during discharge as a
function of cycle number.

The species mole fraction in the gas delivered by the cylin-
der is denoted by ¥y, and z is its mole fraction in the NG
supplied by the refueling station (Table 2). C: methane; C,:
ethane; Cj: propane; C,: butane; Cg: pentane.

Figure 8 shows that, for the gas mixture considered in this
study, several cycles are necessary before a cyclic steady state
is reached, starting from the first cycle with an empty cylin-
der. A secondary horizontal axis has been added to the fig-
ure, based on an average annual number of 50 refills of the
storage vessel for a regular city vehicle. For the particular gas
composition considered in this study the cyclic steady state is
not attained during the expected physical life of the storage
reservoir.

Initially, ¥; increases continuously with cycle number,
reaches a maximum at an intermediate cycle, and then de-
creases until it stays constant and equal to z; (Figure 9). A
similar trend is observed for the individual dynamic efficien-
cies, but in their case they converge to the single cyclic
steady-state value, n (Figure 8). The only exceptions to this
general rule are the curves for methane and nitrogen, which
are the less strongly adsorbed species. Their dynamic effi-
ciencies converge to the cyclic steady-state value as monoton-
ically decreasing functions of cycle number. For practical
purposes, nitrogen can be considered a nonadsorbable gas at
ambient temperature.

According to Figure 8, the number of cycles elapsed until
¥, is constant and equal to z; is an increasing function of the
hydrocarbon molecular weight. The reason for this trend is
that, as the number of cycles increases, the more strongly
adsorbed components progressively displace the less strongly
adsorbed ones from the adsorbed phase to the gas phase
where there is no competition for storage between species.

Figure 8 shows that ¥, exceeds z; at intermediate cycles.
The peak of the ¥; curve is shifted to a later cycle with in-
creasing hydrocarbon molecular weight. A similar phe-
nomenon is observed in multicomponent adsorption-column
dynamics. It is commonly referred to as roll-up or roll-over
and alludes to humps on the breakthrough curves, where the
outlet concentration exceeds the feed concentration (Yang,
1987). This behavior is, once again, caused by the displace-
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ment of a weaker adsorbate by a stronger one. Since the vol-
umetric percentage of alkanes in NG is in general a smooth
decreasing function of their molecular weight, the peaks in
the § curves are well spaced along the cycle—number axis.
Nevertheless, the maximum value attained by ¥, never ex-
ceeds z; by more than 20%, and for most cycles is below it.
Thus, the gas phase is always very rich in methane regardless
of the cycle number.

Despite the complex dependency of m; on cycle number,
the total hydrocarbon dynamic efficiency, m,_g, is clearly a
monotonically decreasing function of cycle number until the
cyclic steady state is reached. Notice that n,_g is defined as

total amount of HCs delivered
under dynamic conditions

Mh-5= (amount of pure methane delivered isothermally)-Xz;’

(3%

so that it converges to Q® as the other 7; do. Another inter-
esting feature, depicted in Figure 8, is that the cycle where
the increasing part of the n;, , curve intersects n,_; is always
very close to the cycle where the n,_5 curve is joined by 7.

Regarding the NG considered in the present work, which
has 90% methane, the results show that there is a drastic
reduction in net deliverable capacity with cyclic operation.
Before leveling off, the total hydrocarbon capacity loss de-
pends linearly on the logarithm of the number of cycles. This
is in qualitative agreement with the experimental observa-
tions of Golovoy and Blais (1983) for 1,000 cycles of opera-
tion of an ANG cylinder. These authors observed a capacity
decrease of 22% after 100 cycles of operation on a NG con-
taining 2.6% impurities. According to Parkyns and Quinn
(1995), the latter author performed cyclic testing with a num-
ber of different carbons on Canadian NG and also observed
significant losses in adsorption capacity. Furthermore, the
leveling off of capacity was observed when the cyclic testing
was prolonged sufficiently. This is experimental evidence of
the cyclic steady-state operation.

In another experimental study, Pedersen and Larsen (1989)
observed a capacity loss of more than 50% using an NG with
8.9% impurities. Given that 5 represents a relative loss in
deliverable capacity, its value should be more dependent on
gas composition than on the adsorbent. Hence, although the
carbon tested by these authors is different from the one con-
sidered in the present study, one is tempted to compare both
results because the two NGs have nearly the same amount of
impurities. When this is done, both results are seen to be in
fairly good agreement. For comparison purposes, one should
take into account that the storage system modeled here does
not operate isothermally, so the loss in net deliverable capac-
ity is increased by about 10% due to nonisothermal opera-
tion. This extra penalty is identified in Figure 8 by the differ-
ence between the two horizontal dotted lines, which compare
the dynamic efficiencies for isothermal and nonisothermal
operations on pure methane.

Figure 10 compares the histories of temperature and ad-
sorbed-phase mole fractions, inside the cylinder during dis-
charge, for the first cycle and for the cyclic steady state. The
curves refer to lumped values obtained by averaging the vari-
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Figure 10. Histories of temperature and adsorbed-
phase mole fractions in the ANG storage
cylinder for the first cycle (1) and for the
cyclic steady state ().

The curves correspond to lumped values obtained by aver-
aging the variables over the cross section of the cylinder
according to Eq. 36. C,: methane; C,: ethane; C3: propane;
C,: butane; Cs: pentane.

able over the cross section of the cylinder as follows:

() = (2/RE) [ (t, 1) rar. (36)

The difference in the results obtained for the first cycle and
for the cyclic steady state is noticeable. If the discharge flow
rate is held constant, discharge duration decreases with cycle

¥;(amount of species i delivered under dynamic conditions) -(AH,);

Dynamic efficiency

0.2 : *
1 10 100 1000

Cycle number

Figure 11. Dynamic efficiencies for total hydrocarbon
net deliverable capacity, n,_s and n*, as a
function of cycle number for the ANG stor-
age cylinder.

Eq. 18 must be replaced by

Zwa;RO[Z(A He)ivi(t, ) E(t, r) rdr = (AH)cn, - F,
37

where (AH,); is the molar heat of combustion of species i
(see Table 2). An appropriate performance quantifier that
takes into account the true calorific value of the gas mixture
delivered by the storage system is a modified dynamic effi-
ciency defined as

(38)

n

number. This is a direct consequence of the loss in storage
capacity due to the gradual filling of the micropore volume
with the higher molecular-weight hydrocarbons that remain
adsorbed at depletion pressure. When the cyclic steady state
is reached, pentane is clearly the species that is more ad-
sorbed. In fact, its mole fraction in the adsorbed phase is at
the same level as that of methane in the first cycle.

As the number of cycles increases, the adsorbed phase is
enriched with the more strongly adsorbed hydrocarbons, and
these have higher heats of desorption than methane. How-
ever, they desorb less during discharge. The net effect is that
the slope of the temperature history curve remains nearly in-
sensitive to the cycle number, as shown in Figure 10.

In real vehicle operation the discharge flow rate depends
on the calorific value of the gas mixture, and the higher
molecular weight hydrocarbons have quite substantial calorific
values, as they are fuels also. However, this fact was not taken
into account in the definition of 7. In order to model the
dynamic behavior of a storage system that is subjected to a
constant calorific discharge rate, the constraint expressed by
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~ (amount of methane delivered under isothermal conditions) “(AH ),

Figure 11 shows both dynamic efficiencies, n,_s and n*, as
a function of cycle number. The two curves are very close to
each other, showing that the dynamic efficiencies defined ei-
ther on a molar basis or a calorific-value basis are similar
quantifiers. This fact could be anticipated by observing Fig-
ure 9. The gas phase is always very rich in methane; hence,
the impact of gas composition on the calorific value of the
gas mixture delivered by the storage system is not significant.

Conclusions

A detailed mathematical model has been developed in or-
der to study the impact of gas composition on the cyclic be-
havior of ANG reservoirs. Although the results presented
concern one carbon and a single gas composition, other NG
compositions give rise to the same qualitative behavior.

Performance levels required for commercial viability of on-
board ANG storage have already been achieved with methane
under isothermal conditions. However, there are other species
besides methane in a real NG. The results given here demon-
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trate that any commercial application of this storage technol-
ogy must provide an economical means of removing the higher
molecular-weight hydrocarbons and other highly adsorbed
species from the gas stream before charging the storage ves-
sel.
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Notation

¢ =gas concentration, mol-cm~
L =cylinder length, cm
NC = number of components
P, =depletion pressure, atm
P, =charge pressure, atm
P, =critical pressure, atm
g =amount adsorbed, mol-g~
r =radial coordinate in cylinder, cm
R, =ideal gas constant, 8.3144 J-mol !-K~!
R, =cylinder radius, cm
T, =critical temperature, K
y =mole fraction in gas phase
e =porosity of carbon bed
pp =bulk density of carbon bed, g-cm™
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